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Abstract. Thermal stability of the structure of Cu-0.8%Hf alloy subjected to severe plastic 
deformation by 2 passes of dynamic channel angular pressing (DCAP) has been investigated. 
It is demonstrated that after such deformation the microstructure of the hafnium bronze is non-
uniform, where areas of cell structure are neighboring with thin-lamellar structure of twinning 
type. Such structure indicates the action of two deformation mechanisms, dislocation sliding 
and twinning. It has been revealed that doping with hafnium has considerably affected 
susceptibility of copper to relaxation processes under the DCAP and following annealing. 
It has been found that the microstructure formed under the deformation can be retained at the 
annealing up to 500°С without noticeable changes, and the microhardness changes only 
slightly in this temperature range. At the same time, at heating up to 600°С and higher the 
relaxation processes are developed in the structure which is accompanied with a drastic drop of 
microhardness. 
1. Introduction 
In the last decades materials with ultrafine-grained (UFG) structure attract great attention of the 
researchers due to their unique physical and mechanical properties [1, 2]. Application of severe plastic 
deformation (SPD) enables obtaining bulk UFG materials demonstrating unusual mechanical behavior 
and a complex of unique properties which are often unachievable for coarse-grained materials. 
A number of various techniques of SPD have been developed by now [3]. One of the most widely 
used of them is the so-called equal-channel angular pressing (ECAP) [4]. At the same time, one of the 
new promising methods of SPD is the dynamic channel angular pressing (DCAP), which has the 
scheme of deformation similar to that of the ECAP, but its main difference is the high deformation rate 
(104 – 106 s-1). The DCAP was worked out at the Russian Federal Nuclear Center [5]. In contrast to 
ECAP, for which expensive pressing equipment is required, in the DCAP the energy of powder gasses 
is used instead of the press, which enables to subject massive materials to SPD with high speed and 
high productivity. Compared to the ECAP, in case of the DCAP not only the rate of plastic 
deformation is increased, but also the shock-wave impact is added, which increases the SPD influence 
on the structure and properties of materials. Thus, application of the DCAP makes it possible to 
change the properties of metals and alloys substantially by the formation such structures in them 
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which demonstrate the combination of high strength and plasticity, as was shown in the studies of 
evolution of the microstructure in aluminum, copper, nickel and bronze under the DCAP [6–8]. 
Besides, it was found that the UFG structure can be obtained by the DCAP by the lesser numbers of 
passes compared to the ECAP [7, 9]. 
However, when various techniques of SPD are applied, relaxation processes are developed under 
deformation along with the microstructure refinement, which causes an attainment of the so-called 
saturation state, when the strain increasing does not result in further refinement and strengthening, 
especially in pure metals [10-12]. One of the ways to overcome this limitation is doping [8, 13, 14]. 
That is why it is of great interest to study the behavior of doped metals under the SPD by particularly 
DCAP and following heating, especially if their behavior in pure state has already been studied [6, 
15]. Thus, the main goal of the present study was to investigate evolution of microstructure of hafnium 
bronze obtained by the DCAP under the deformation and following annealing.   
2. Materials and methods 
Specimens for investigation were made of an alloy of commercially pure copper (99.9) with 0.8 wt. % 
of hafnium. After casting the specimens were forged at 600°С and annealed for their homogenization 
at 950°С for 1 h in the vacuum with following quenching in water. This treatment resulted in the 
polycrystalline microstructure with an average crystallite size of about 50 µm. The cylindrical 
specimens with the diameter of 10 mm and the length of 40 mm were fabricated from the as-obtained 
billets and subjected to DCAP at the rate of 104–105 s-1. The initial speed of specimens was about 250 
m/s, and the powder gases pressure was about 2 GPa. The pressing was carried out in a matrix 
consisting of two channels a the diameter of 10 mm intersecting under an angle of 90, with an 
external rounding radius of 5 mm, which equals to a half of channels diameter, and an internal radius 
1-2 mm. The DCAP was carried out in one and two passes, and after the first pass a specimen was 
turned by 180°. To study the thermal stability of the structure obtained the as-deformed specimens 
were annealed in the temperature range of 100-600°С in a high-vacuum furnace Varian for 1 h. The 
microstructure was studied in transmission electron microscope Tecnai G2 30 Twin. Microhardness 
was measured by a special unit adjusted to optical microscope Neophot-21 and calculated by the 
method described in detail in [14]. 
3. Results and discussion 
As shown by metallographic studies (Figure 1), the structure of specimens after DCAP in transverse 
sections is quite uniform excluding narrow areas in upper (near internal radius of matrix) and lower 
(near external radius) parts, which is typical of specimens subjected to the dynamic channel angular 
pressing [6, 8, 13, 15]. As in [6, 13], the structure in the metallographic images is mainly stringy, with 
curved bands resulting from the high-speed deformation by DCAP. 
The more detailed information on the structure evolution in hafnium bronze and mechanisms of 
deformation by DCAP was obtained by transmission electron microscopy. Figure 2 demonstrates 
electron micrographs and diffraction patterns of the structure after two passes of DCAP and annealing 
at 400°С.  
According to TEM studies, the structure after 2 passes of DCAP is non-uniform, and it is seen that 
there are two deformation mechanisms, dislocation sliding and twinning. These mechanisms result if 
the formation of two types of microstructure, namely, areas of cell structure interchanging with thin-
lamellar structure of twinning type. The sizes of some cells are up to 1 µm.  
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Figure 2. Microstructure of Cu-0.8Hf alloy after DCAP by 2 passes and annealing at 400°С for 1 h: 
(a) – bright-field image; (b) – dark-field image in (111)Cu reflection; (с) – electron diffraction pattern 
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Under the low-temperature annealing of the hafnium bronze the structure formed by DCAP does 
not undergo noticeable changes. Thus, after the annealing at 400°С the above-mentioned two types of 
structures – cell structure and thin-lamellar of twinning type – are present (Figure 2). The size of some 
cells is about 1 µm, and they have wide dislocation boundaries. Considerable defectiveness of cells 
observed directly after the deformation is retained after the annealing at this temperature. The areas 
with twins are also retained, and micro-twins belonging to one and the same twinning system form 
pili-ups, and it is confirmed by the selected area diffraction patterns (Figure 2c). 
It is of great importance to emphasize that the structure observed directly after the deformation by 
DCAP is retained without noticeable changes at annealing in the temperature range up to 400°С and 
even up to 500°С, thus, in the hafnium bronze under consideration the structure is more stable than, 
for example, in tin bronze [13]. The enhanced thermal stability is obviously due to precipitation of 
ultra-dispersed particles of Cu5Hf compound [14]. However, in the electron micrographs and electron-
diffraction patterns of the bronze under consideration these intermetallic precipitates are not observed, 
which is maybe because of their high dispersity and location in highly-defective crystallite and cell 
boundaries. Nevertheless, the enhanced thermal stability of the structure is confirmed by 
microstructure measurements. Thus, in the quenched non-deformed state the microhardness of the 
alloy is about 700 ± 20 MPa. After the DCAP by 2 passes it increased up to 1800-2170 MPa 
dependently on the point of measurement, and these high values are retained at annealing up to 500°С. 
However, at annealing to 600°С the microhardness dramatically decreases and falls into the range of 
1000-1200 MPa, which indicates the development of relaxation processes at this annealing 
temperature.  
4. Summary 
According to the data obtained in this study, after the deformation by 2 passes of DCAP the structure 
of hafnium bronze is non-uniform, with two types of microstructure – cell structure and lamellar 
structure of twinning type. Such structure indicates the action of two deformation mechanisms, 
dislocation sliding and twinning. 
It has been established, that doping of copper by hafnium considerably affects the inclination of the 
structure formed under the DCAP to the development of relaxation processes. It is demonstrated that 
the microstructure formed under the deformation is retained at annealing in the temperature range up 
to 500°С without noticeable changes. The microhardness changes only slightly under the annealing up 
to 500°С compared to its values directly after the deformation and falls in the range of 1800-2170 
MPa dependently on the area of the measurements. Under the annealing at 600°С the microhardness 
decreases considerably to the range of 1000-1200 MPa, which indicates the development of relaxation 
processes.   
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